Single exon genes (SEG) are archetypical of prokaryotes. Hence, their presence in intron-rich, multicellular eukaryotic genomes is perplexing. Consequently, a study on SEG origin and evolution is important. Towards this goal, we took the first initiative of identifying and counting SEG in nine completely sequenced eukaryotic organisms -four of which are unicellular (E. cuniculi, S. cerevisiae, S. pombe, P. falciparum) and five of which are multi-cellular (C. elegans, A. thaliana, D. melanogaster, M. musculus, H. sapiens). This exercise enabled us to compare their proportion in unicellular and multi-cellular genomes. The comparison suggests that the SEG fraction decreases with gene count (r = -0.80) and increases with gene density (r = 0.88) in these genomes. We also examined the distribution patterns of their protein lengths in different genomes.
ABSTRACT
Single exon genes (SEG) are archetypical of prokaryotes. Hence, their presence in intron-rich, multicellular eukaryotic genomes is perplexing. Consequently, a study on SEG origin and evolution is important. Towards this goal, we took the first initiative of identifying and counting SEG in nine completely sequenced eukaryotic organisms -four of which are unicellular (E. cuniculi, S. cerevisiae, S. pombe, P. falciparum) and five of which are multi-cellular (C. elegans, A. thaliana, D. melanogaster, M. musculus, H. sapiens) . This exercise enabled us to compare their proportion in unicellular and multi-cellular genomes. The comparison suggests that the SEG fraction decreases with gene count (r = -0.80) and increases with gene density (r = 0.88) in these genomes. We also examined the distribution patterns of their protein lengths in different genomes.
INTRODUCTION
Many eukaryotic genes contain 'non-coding', intra-genic segments called introns within the coding sequence (1) (2) . Hence, eukaryotic genes often have interrupted gene structures with multiple exons. However, prokaryotic genes lack introns and are characterized by uninterrupted single exon gene (SEG) structures. Therefore, prokaryotic genes are typically SEG. Although, multiple exon genes (MEG) are characteristic of many vertebrate eukaryotic genomes, several SEG have also been identified in them (3) (4) (5) (6) (7) . Recently, specialized databases (SEGE and Genome SEGE) have been constructed for SEG from GenBank (6) and genome data (7) . The presence of SEG in eukaryotic genomes is intriguing and their presence in intron-rich eukaryotic genomes is perplexing (3) (4) (5) (6) (7) . Hence, it is important to study the origin and evolution of SEG in eukaryotes, more importantly in higher eukaryotes. To study their evolution on a genomic scale is resource intensive, information demanding and extremely complex.
We undertook the first initiative of identifying and counting SEG for nine eukaryotic genomes. Here, we compare the proportional selection of SEG in different genomes and discuss the distribution patterns of their protein lengths.
MATERIALS AND METHODS
The current analysis is performed for nine completely sequenced eukaryotic organisms -four of which are unicellular (E. cuniculi, S. cerevisiae, S. pombe and P. falciparum) and five of which are multi-cellular (C. elegans, A. thaliana, D. melanogaster, M. musculus and H. sapiens) . Data is obtained from Genome SEGE for this analysis (7) . Table 1 lists SEG count and fraction in each genome. Figure 3 shows SEG protein lengths distribution in nine genomes. Table 1 shows SEG count in nine eukaryotic genomes. The differences reflect inherent variations in different genome architectures and evolutionary divergences. Although, this trend is not surprising, the actual estimates are interesting in the sense that their proportions in some genomes are distinctly greater than others. We note from Table 1 that unicellular (45%-98%) and multi-cellular (3%-20%) genomes are distinguished by SEG proportion in them. Generally, the SEG fraction is greater in unicellular than multi-cellular genomes. This implies that unicellular genomes with very short generation times have larger fraction, while multi-cellular genomes with long generation times have smaller fraction. The Pearson correlation co-efficient (r) between SEG count and genome size is 0.2. This is much weaker than the Pearson correlation co-efficient between total gene count and genome size (r = 0.61). The r value between SEG count and gene count is 0.3. However, the r value between SEG fraction and genome size is -0.45. This suggests that SEG fraction decreases with genome size. Interestingly, the r value between SEG fraction and gene count is -0.80 ( Figure  1 ). Thus, SEG fraction strongly decreases with total gene count in these genomes. In other words, genomes with high gene count contain low SEG fraction. We also found that the r value between SEG fraction and gene density (total gene count / Mb genome size) is 0.88. This relationship is strong and SEG fraction increases linearly with increase in gene density in these genomes ( Figure 2 ). These patterns are very interesting and subsequent analysis is required to gain further insight into their selection and genome design. However, the bits and pieces of derived information have to be bridged together to signify the trend between SEG fraction and genome content. We hope to compare and contrast estimates from different genomes of distant phylogeny. Table 1 shows that multi-cellular genomes contain about 12-20% SEG. This is not true for C. elegans and it contains only 2.7% SEG. The latest update (October, 2003) of the human genome contains 3,408 SEG sequences (about 12 % of total genes). These estimates are relatively large and their mere existence in many intron-rich genomes demands further investigations. It has been suggested that a significant fraction of human SEG have been generated by retro-position (18) . Therefore, the presence of SEG can be explained by the mechanism of retro-position. This occurs by homologous recombination between the genomic copy of a gene and an intronless cDNA (19). The later is produced by reverse transcription of the corresponding mRNA, a mechanism that produces SEG genes in eukaryotes. In an independent experiment by sequence comparison, we found that about 20% (366) of unique SEG (purged at 40% sequence identity) show (MEG) correspondence with at least 40% sequence identity (data not shown). This strongly supports the hypothesis that human SEG arose by retroposition.
RESULTS AND DISCUSSION

Fraction of SEG in genomes
Mechanism of SEG origin
The human genome team suggested that a very small fraction of total human genes (<1%) is exclusively homologous to bacterial genes (17) . Therefore, we compared human SEG with 430,011 prokaryotic protein sequences derived from 135 prokaryotic genomes. About 99% of human SEG lack homology with prokaryotic sequences. This suggests that human SEG did not evolve by gene transfer from bacteria to human. Nonetheless, the absence of homology between human SEG and prokaryotic proteins supports the hypothesis that SEG probably arose by retro-position. Additional data on paralogous SEG may provide further evidence towards the possible mechanism of their origin by retro-position.
Distribution of SEG protein length in genomes
SEG proportion varies between genomes (Table 1) and their fraction is related to gene count ( Figure 1 ) and gene density (Figure 2) . Therefore, the SEG fraction is related to genome content. We thus probed into the distribution patterns of SEG protein length in nine genomes (Figure 3) . Figure 3 shows that the protein length distribution patterns are not identical. The mean and standard deviation of SEG protein length in genome facilitate comparison among them and suggest some degree of similarity. Multi-cellular genomes (C. elegans, A. thaliana, D. melanogaster, M. musculus, H. sapiens) show a mean length of about 200-330 residues and unicellular genomes (E. cuniculi, S. cerevisiae, S. pombe, P. falciparum) show a mean length of about 350-750 residues (Figure 3) . Thus, SEG fraction and mean length can distinguish between unicellular and multi-cellular genomes. The standard deviation about the mean is found to increase with mean length in these genomes (r = 0.97). In general, unicellular genomes contain longer SEG than multicellular genomes (Figure 3 ). The r value between mean SEG length and SEG fraction in genomes is 0.47. We also found that the r value between mean SEG length and gene count is -0.64. However, mean lengths show poor correlation to SEG count (r = -0.04) and gene density (r = 0.28). Thus, mean SEG length is more related to gene count and SEG fraction than to SEG count and gene density.
CONCLUSION
The biological role of SEG in the genomes of higher organism is not completely understood. Here, we show that different eukaryotic genomes have varying SEG fraction and a sizeable portion of them is found in many intron-rich multi-cellular genomes. This report provides an overview of SEG count, fraction, protein lengths distribution patterns and mean SEG length in nine eukaryotic genomes and shows their relationship to genome size, gene count and gene density. It is also interesting to note that a large proportion of SEG are associated with unicellular organisms with very short generation times, while a small proportion of SEG is common in relatively complex multi-cellular organisms with long generation times. We hope that these estimates will help to probe into the biological role of SEG and their contribution in genome design.
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